Abstract: A limitation of polymers is that the materials lack active sites or substances that can promote cell adhesion, proliferation and tissue recovery. Biopolymers with functional groups or synthesised polymers modified with different methods show many potential applications. The way to create nanostructured surfaces with new functionalities is grafting of the nanoparticles to polymer surfaces. The different uptake behaviours for surface modified nanoparticles can be explained by different charges on the nanoparticles and on the cell membrane. In this work surface changes of the biopolymers substrate modified by gold nanoparticles were studied. Biopolymer foil of polyhydroxybutyrate with 8% polyhydroxyvalerate was treated by plasma and the activated surface was subsequently modified by gold nanoparticles. Modified substrates were analysed by different methods. The elemental composition and the structure of modified polyhydroxybutyrate with 8% polyhydroxyvalerate were studied by X-ray photoelectron spectroscopy (XPS). Surface morphology was determined using atomic force microscopy (AFM). Changes in the surface wettability were determined from the contact angle by goniometry. Cytocompatibility of the pristine and modified samples was assessed in vitro by determining degree of adhesion and proliferation of mouse fibroblasts. It was found that the plasma treatment and subsequent modification with gold nanoparticles leads to dramatic changes in surface morphology, roughness and wettability. Rate of changes of these features strongly depends
This paper is a revised and expanded version of a paper entitled 'Surface changes of polymer modified by gold nanoparticles' presented at AMN -7: Advanced Materials and Nanotechnology, Nelson, New Zealand, 8-12 February, 2015 .
Introduction
Biocompatibility is the ability of a material to induce a specific response of the host organism on the actual application without causing adverse reactions of the body [1] . This means that the biomaterials should be able to perform their function without the presence of adverse effects or damage.
Polymers are very well applied in tissue engineering especially thanks to a wide range of physical, mechanical and chemical properties, microstructure and biodegradability [2, 3] . For example, hydrophobicity and crystallinity of the polymer may affect the cell phenotype and variations in surface charges can affect cell spreading. This can cause changes in cellular activity. Therefore it is necessary to modify the polymer properties e.g., to plasma [4] for the cell cultures cultivation.
The polymers used as the matrix should promote adhesion, proliferation (growth) and differentiation (maturation) of cells [2] . Polyhydroxyalcanolates can be used for various applications e.g., sutures, cardiovascular patches, orthopaedic pins, stents, repair of tendons or articular cartilage or nerve fibre, bandage and tissue repair [5, 6] . Biocompatible and biodegradable copolymer polyhydroxybutyrate-polyhydroxyvalerate (PHBV) attracts increasing attention for its various applications in medicine, such as the construction of heart valves, arteries and pericardial substitutes, orthopaedic applications and systems of controlled drug release [7] . Although PHBV is biocompatible, biodegradable and non-toxic, its low wettability and surface energy affect the cell attachment and proliferation. The insufficient cell adhesion and proliferation of the surface can lead to poor incorporation of implant, infections and complete failure of the implant. Therefore the surface properties of PHBV are adapted to increase the interactions between cells and the material [8] [9] [10] .
Surface modification is the process of the surface treatment of material, which leads to change the physical, chemical or biological properties different from the bulk properties of the original material. With respect to the biocompatibility, the surface treatment is precursor for the final stage of bonding of "new functional groups, nanoparticles or chemical substance" to the surface and therefore it should be adapted to techniques of surface treatment to introduce a required functional group at the polymer surface [11] [12] [13] .
The polymers are generally hydrophobic and increased hydrophilicity to the surface by plasma treatment of the polymer can lead to improved e.g., adhesion and biocompatibility [14] . Surface modification of polymers by plasma treatment is industrially very attractive. Plasma particles have sufficiently high energy to cleavage of chemical bonds on the surface substrates, in the case of polymers to degrade macromolecular chains. In many cases, after modification with aim to increase the surface free energy this process is explained by the formation of new functional groups on a surface (-OH, -COOH, etc.). A characteristic feature of this method is that it influences the polymer surface to a small depth (up to 10 nm), and so the bulk of the polymer and its bulk properties (toughness, strength) remain unchanged [15, 16] .
The amount and type of the new functional groups created on the treated polymer surface can be changed by selecting the plasma gas (Ar, N 2 , O 2 , H 2 O, CO 2 , NH 3 ) and operating parameters (pressure, power, gas flow rate, time). Inert gases such as helium, neon and argon are used to introduce reactive sites on the polymer surface for subsequent copolymerisation, etching and to improve adhesion of subsequently deposited layers, or surface cleaning of materials. Argon plasma is often used for cross linking molecules on the surface of the polymer [17] [18] [19] .
After application of surface modification process the grafting can be consequently performed. The aim of grafting is covalent attachment of suitable groups, macromolecules or nanoparticles on the e.g., plasma activated surface of the substrate. [14, 20] . One of the most studied nanomaterials for biomedical applications are carbon materials (nanotubes as a carrier for biosensors, fullerenes) [21] ; polymers nanofibres with high porosity (bandages, tissue engineering, targeted drug delivery) for easily swellable hydrogels (bandages for open wounds, materials for drug release) or dendrimers (cancer treatment) and inorganic materials (silica, metal nanoparticles, e.g., gold nanoparticles) [22, 23] . The gold nanoparticles (AuNS) can be prepared in different sizes and shapes (e.g., nanospheres, nanorods, bipyramids) and thus with different physical properties [24, 25] .
The cytotoxicity of gold nanoparticles depends on their size [26] . Owing to its biocompatibility, considerable attention is gained to potential applications in nanomedicine in recent years. In particular, the use of gold nanoparticles to improve contrast agents in X-ray computed tomography and photoacoustic tomography for early diagnosis of specific tumours was examined. Gold nanoparticles promise effectiveness increase of a variety targeted cancer treatments such as radiotherapy and photothermal therapy and can also be used in a targeted drug delivery [27] .
In this work the influence of the gold nanoparticles on the surface properties of polymers was studied. The surface of biopolymer foil was activated by argon plasma treatment and subsequently grafted by gold nanoparticles prepared by two different methods. Changes in the surface properties were analysed by the goniometry, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). The adhesion and proliferation of mouse fibroblasts on selected samples of the plasma-treated polyhydroxybutyrate is investigated, too.
Experimental

Material and modification
Biopolymer polyhydroxybutyrate containing 8% polyhydroxyvalerate (PHB92/PHV8, density 1.25 g cm -3 , 50 µm thick foil, supplied by Goodfellow Ltd.) was used for this experiment. The pre-treatment (activation of polymer surface) of polymer substrates before grafting with gold nanoparticles of spherical shape (AuNS) was performed in diode plasma discharge on Balzers SCD 050 device for 0-480 s, using DC Ar plasma (gas purity 99.997%, power 9 W). The process parameters were: the Ar flow 0.3 l s , the electrode distance of 50 mm, chamber volume 1000 cm 3 . The plasma activated surfaces of polymer substrates were modified by
• AuNS grafting from citrate-stabilised AuNS colloids [28, 29] • AuNS grafting from sputtered AuNS in PEG [30] .
The diameter of the AuNS was 15 nm, diameter of the AuNS+PEG was 10 nm. The time of grafting was 24 h. From the reason that the procedure of the grafting of nanoparticles including the chemical and physical processes, the samples PHB92/PHV8 pre-treated in plasma discharge and subsequently grafted with AuNS or AuNS+PEG, were additionally immersed to the distilled water for 24 h at room temperature (RT). The grafting solution of the nanoparticles in PEG consists of three components: distilled water, PEG and nanoparticles. For determination of influence of particular components on surface wettability, the several groups of control samples were prepared: PHB92/PHV8 pretreated in plasma discharge and subsequently etched in
• distilled water
• PEG solution (24 h at RT).
Measurement techniques 2.2.1 Goniometry
Contact angle (CA) was determined by goniometry with static water drop method. The measurements of the advancing water CA were performed using distilled water on 10 different positions using surface evaluation system (See System, Advex Instruments, Czech Republic). The measurement was carried out by automatic pipette (water drop of volume 8.0 ± 0.2 µl) at RT under atmospheric pressure. CA of the modified samples is strongly dependent on the time after the plasma treatment [31] and the aging process of the grafted samples was finished after 25 days. The next analyses of the samples were performed on the aged samples.
X-ray photoelectron spectroscopy (XPS)
The presence of the oxygen (O), carbon (C), nitrogen (N) and gold (Au) in the modified PHB92/PHV8 surface layer was proved by XPS method using Omicron Nanotechnology ESCAProbeP spectrometer with monochromated X-ray source (1486.7 eV) with the step size of 0.05 eV. Detection angles photoelectrons were 0° (i.e., perpendicular position of the detector to the sample). The analysed areas were 2 × 3 mm 2 . The elemental composition was determined from the individual peaks areas using CasaXPS software.
Atomic Force Microscopy (AFM)
Surface morphology and roughness of pristine and modified samples were examined by the AFM technique using VEECO CPII device in tapping mode. A Si probe RTESPA-CP with 20-80 N·m -1 was used. The mean roughness value (R a ) represents the arithmetic average of the deviation from the centre plane of the sample.
Cell cultures, in vitro adhesion and proliferation experiments
For the cell culture in vitro tests the mouse embryonic fibroblasts (NIH 3T3) obtained from the German Resource Centre for Biological Materials (DSMZ, Germany)
were used. The cell culture condition, material sterilisation, cell seeding and cell fixation and staining are described in Rimpelová et al. [32] . The number of initially adhered cells was evaluated after 12 h after their seeding on polymer substrates inserted in 12-well plates. The rate of the cell proliferation was determined after 24 h and 72 h after cell inoculation. All these experiments were done in triplicate. The evaluation of cell attachment, proliferation and morphology are described in Rimpelová et al. [32] . The cultivated cells were fixed (on the polymer substrate) and subsequently stained with a combination of fluorescent dye. Phalloidin-TRITC was used to visualise precisely the filamentous F-actin in cell cytoskeleton corresponding to the cell shape (green colour). Cellular nuclei were stained with solution of 4 ,6-diaminido-2-phenylindole dihydrochloride (DAPI) (blue colour).
The number of the stained cells on tested samples was evaluated from 20 images of each substrate. Images were captured by EM-CCD camera (Hamamatsu) using inverted fluorescence microscope Olympus IX81. The 100× magnification (10× lens) was used to cover the largest possible viewing field and the 400× magnification (40× lens) was used to visualise contour and external details of attached cells. ImageJ 1.43 software (National Institute of Health, USA) was used for automatic evaluation of the substrate area covered by cells (cell number) and the single cell morphology. For biological experiments, the pristine PHB92/PHV8 was chosen as a control sample.
Results and discussion
Surface chemistry and morphology
The influence of the plasma treatment and subsequent grafting of PHB92/PHV8 on surface wettability was studied with goniometry using determination of the CA. The dependence of CA of pristine and modified samples on time from modification are shown in Figure 1 The presence of the Au nanoparticles on the surface decreases the value of CA. The CA of aged samples grafted with Au nanoparticles is always lower than that of control samples (PHB92/PHV8 etched in water or grafted with PEG). In the case of shorter exposure time (50 s), the lowest values of CA of the aged samples were detected on the samples modified with AuNS+PEG. The highest CA was measured at samples modified with water and PEG solution. The same results were obtained for the longer time of plasma treatment (480 s). The plasma affects the polymer surface up to several atomic layers which can be employed for binding of new chemical substances. The surfaces of plasma treated (50 s and 480 s) and subsequently grafted (with AuNS or AuNS+PEG) samples were analysed by the XPS method. The elementary composition of the samples is summarised in Table 1 . The oxygen concentration for plasma treated surface layers of pristine PHB92/PHV8 is 31 at.%. The plasma treatment leads to increase in oxygen concentration. With increased discharge power of plasma treatment the atomic concentration in activated layer increased. The concentration of the detected nitrogen increased as well. These results are probably caused by reaction the plasma activated surface with ambient atmosphere and subsequent reorientation of newly formed polar groups. The presence of the both types of AuNS on the surface of the grafted substrates was proved by the XPS method. The amount of Au detected on the grafted samples depends on the time of plasma treatment. The higher Au concentration was found on the samples whose surface was activated in plasma discharge for 480 s. The surface morphology and roughness of the plasma treated and plasma treated and subsequent grafted substrates were studied using AFM technique. The roughness of the pristine PHB92/PHV8 is 3.2 nm. The typical AFM images of plasma pre-treated and plasma pre-treated and etched or grafted PHB92/PHV8 are shown in Figure 2 . The presence of the AuNS and AuNS+PEG on the surface leads to formation of the 'small' shapes, whose amount is higher on the PHB92/PHV8 pre-treated for the 480 s. The dimension of 'small shapes' is in interval 80-400 nm. Compared to the particle size it can be concluded that it has dimension of particle cluster of different sizes, the effect of clustering was observed also by TEM analysis in Slepi ka et al. [30] . The most probably this morphology is caused partially by grafting of clustered nanoparticles in combination with ablation effect which leads to the formation of globular structures of treated surface [33] . The effect of ablation process is mainly caused plasma etching which also significantly influence the morphology of studied samples. The low-molecular components which are present on the surface of plasma treated polymer can be also removed from the polymer surface due to interaction with water or water solution and thus it may also influence the surface morphology of studied samples.
Cytocompatiblity
Study of the cell adhesion and proliferation on the surface of tested substrates can be considered as the basic indicator of the polymer cytocompatibility. The parameters important in study of cell adhesion and proliferation are the number of cultivated cells, their shape, homogeneity and their spreading on the surface of the sample [33] . The influence of the presence of the both types of grafted nanoparticles (AuNS or AuNS+PEG) on the cell-material interaction is presented on Figure 3 . The number of adhered cells was determined 6 hours after seeding. In this time period (6 h) the cells start to adapt to their new environment. From the Figure 3 it is evident that the number of adhered cells is comparable on the all samples. Slightly higher number of adhered cells was detected on the samples treated for the 50 s in plasma discharge and subsequently grafted with AuNS. The number of the proliferated cells was determined 24 h and 72 h of cultivation. The number of the cells cultivated on the substrates for 24 h is lower than number of adhered cells. This is owing to the fact that the cells are in lag phase which may result in decrease of the number of cultivated cells. The 'lag phase' is the period during which the cells adapt to new environment. The 'lag phase' is initial growth phase, during which cell number remains relatively constant or decreases prior to rapid growth. This phase occurs usually between the first and the second day from seeding, but it can be up to 72 h (depending on the type of the cells and substrate modification [34] . After successful overcoming of the lag phase the cells start to growth and exponentially increase their number. The differences between the cultivated cells were detected after 72 h of cultivation. The number of cells proliferated on the samples treated by plasma discharge and subsequently grafted from AuNS+PEG solution was lower in comparison with the other samples. This number was also lower than number determined on this samples after 6 h and 24 h of cultivation. On the other hand, the highest number of cells was detected on the samples treated in plasma discharge and subsequently grafted with AuNS. The increase or decrease of the cell adhesion or proliferation (change in cytocompatibility of the samples) is caused by a complex change of the surface parameters of substrate. It is not possible to clearly determine which one particular change of surface parameter (wettability, morphology, roughness…) leads to increase of the cytocompatibility. In this paper, we note the changes of the particular properties of substrates depending on type of modification. The high cytocompatibility of the samples PHB92/PHV8 pre-treated in plasma discharge for 480 s and subsequently grafted with AuNS may be caused by suitable combination of the value of contact angle (value of contact angle of pristine PHB92/PHV8 or PHB92/PHV8 pre-treated in plasma discharge and subsequently grafted with AuNS+PEG were significantly lower), surface roughness (surface roughness of the PHB92/PHV8 pre-treated in plasma discharge for 480 s and subsequently grafted with AuNS was lower than pristine PHB92/PHV8 or PHB92/PHV8 pre-treated in plasma discharge and subsequently grafted with AuNS+PEG). The chemical composition of the surface layer affect the cytocompatibility, too. It can be assumed that not too high concentration of the oxygen (about 25%) and higher concentration of the nitrogen (about 1.3%) positively affects the cell proliferation. From the study of wettability is evident that the low contact angle (less than 73°) can negatively affect the cultivated cells.
The homogeneity and spreading of the cultivated cells is shown in Figure 4 . On the photographs we can compare the distribution, shape, spreading of cells during the adhesion phase (6 hour of cultivation) and proliferation (72 h after seeding). From the Figure 4 it is obvious that the cells cultivated on the samples treated for 480 s in plasma and grafted with AuNS+PEG do not have their typical shape and are not evenly distributed on the surface of samples. The best cell spreading, homogeneous distribution and the typical shape can be determined for cells cultivated for 6 h on the samples treated for 480 s in plasma and grafted by AuNS. The same results were determined for the cells proliferated 72 h on the samples.
Conclusion
The gold nanoparticles (AuNS and AuNS+PEG) were successfully grafted on the plasma pre-treated PHB92/PHV8 surface. Higher concentration of the AuNS or AuNS+PEG was detected on the PHB92/PHV8 pre-treated for the longer time (480 s) in plasma. The stabilisation of the modified PHB92/PHV8 surface is finished after 25-27 days after modification. Etching and grafting of pre-treated PHB92/PHV8 significantly affect the contact angle. CAs of all aged modified samples are higher than the CA pristine PHB92/PHV8. Wettability of etched and grafted PHB92/PHV8 decreases with the increasing time of plasma pre-treatment. Presence of the AuNS or AuNS+PEG on the pre-treated surfaces leads to further increase of the wettability of substrates. Grafting of the AuNS and AuNS+PEG to the surface leads to creation of small globular shapes on the modified PHB92/PHV8. These units are more frequent on the PHB92/PHV8 pre-etched for the longer time 480 s and may be also connected with the previous substrate ablation caused by modification process. From the cytocompatibility tests it is evident that the number of adhered cells (after 6 h) is comparable on all studied samples. The same situation was detected after 24 h of cultivation. But after 72 h of cultivation, the highest number of proliferated cells was detected on the PHB92/PHV8 pre-treated in plasma and grafted with AuNS. Very small number of proliferated cells was detected on the PHB92/PHV8 pre-treated in plasma and grafted with AuNS+PEG. The presence of the AuNS on the pre-treated PHB92/PHV8 positively influences the cell's adhesion and proliferation. The presence of the AuNS+PEG has a positive effect on the cell's adhesion, but has a negative effect on cell's proliferation.
